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Fig. 1. Acquisition block diagram.
ventional cell-by-cell detection scheme [2], in which the cells
in the uncertainty region are searched and tested cell by cell in-
dependently. The generation of the decision variable is indi-
catedbythecontinuouslineinFig.1,whichisexpressedas
.Theseconddetectionmodeistheso-calledjointtwo-cellde-
tection scheme [15], in which the search and detection block di-
agram includes both the continuous and dashed lines in Fig. 1.
The statistics of the final decision variable are now given by
the sum of two adjacent output variables, expressed as
. However, if the search mode detects a false alarm
during the detection of , the term in the decision vari-
able is set to zero. Let in Fig. 1 be a decision threshold.
Then, the search and detection mode can be described as fol-
lows. Whenever the decision variable exceeds the threshold
, the system assumes that the corresponding delay of the lo-
cally generated PN sequence is the correct delay and proceeds
to the verification mode. Otherwise, if does not exceed ,
the relative phase of the locally generated PN sequence is read-
justed in order to update the decision variable , and the above
process is repeated. Note that the verification mode is usually
usedtoconfirm astrongerdecision concerningthecorrectdelay
assumed by the search mode [10], an issue not analyzed in this
paper.
Since each cell is classified as one of the two states—cor-
rect phase (in-phase) of and incorrect phase of , the first
search mode with conventional cell-by-cell detection can be de-
scribed as a two-state Markov process [5] owing to each deci-
sionvariablebeingdecidedbyonecell.Thesecondsearchmode
with joint two-cell detection can be described as a four-state
random Markov process [15] owing to the final decision vari-
able now being decided by two cells. Let us now derive a gener-
alized equation for computing the MAT of the above schemes.
III. ASYMPTOTIC MEAN ACQUISITION TIME
Holmes and Chen [5], as well as Polydoros and Weber [2],
have given the equations for computing the MAT of a serial
search code acquisition system in both exact and asymptotic
forms under the single -cell and double -cell hypotheses
in the uncertainty region. However, due to the finite search step
Fig. 2. Equivalent circular state diagram for a serial search code-acquisition
system with multiple timing hypotheses.
size and due to receiving multiple delayed replicas of the trans-
mitted PN sequences in a dispersive multipath fading environ-
ment, the actual situation is that there may exist more than two
states, hence satisfying the multiple -cell hypothesis. There-
fore, in this section, we extend the result of [17] in order to de-
rive a generalized asymptotic equation for the MAT, which in-
cludes the asymptotic expressions of [2], [5] as special cases.
The equivalent circular state diagram of [17] can be adapted
for a serial search code acquisition system relying on the mul-
tiple -cell hypothesis, which is redrawn in Fig. 2. is re-
placed by 1 for notational convenience, where and
represent the detection and miss probabilities of the th detec-
tion, leading to . In Fig. 2, nodes represent states,
labeled branches between two nodes represent state transitions,
indicatestheunit-delayoperator,andthepowerof represents
the time delay. Let us assume that there are a total of states,YANG AND HANZO: SERIAL ACQUISITION OF DS-CDMA SIGNALS 619
which includes cells and cells. Let represent
the false-alarm probability associated with an cell, i.e., the
probabilitythatan cellprovidesacorrelatoroutputinexcess
of , hence resulting in an incorrect hypothesis and leading to
an unsynchronized condition. Let represent the “penalty
time” associated with noticing that there is a false alarm and
with reentering the search mode. Then, following the philos-
ophy of [17] and assuming that we commence the search any-
where outside the correct states, the transfer function assuming
equal prior probability of each state can be expressed as
(1)
where and includeallpathsleadingtosuccessful
detection or miss, respectively. In (1), and can be
expressed as
with
Let , which represents the overall miss prob-
ability of a search over the full uncertainty region. Then
in (1) is given by . The MAT can be ex-
pressed as (2) [5], shown at the bottom of the page.
In order to obtain the asymptotic form of the MAT for ,
we divide both sides of (2) by the total number of states and
then compute its limit with respect to , yielding
(3)
Consequently, if the total number of states is significantly
higher than the number of cells, i.e., , then the MAT
can be approximated by
(4)
Equation (4) is a generalized expression for computing the
asymptotic MAT of the serial search acquisition system with
single or multiple adjacent cells. For example, when there
are two cells in the uncertainty region, then the overall miss
probability of , where
and represent the detection probabilities of the first
and second cells, respectively. Upon substituting these con-
ditions into (4), the asymptotic MAT for a serial search acquisi-
tion system having two cells can be expressed as
(5)
which represents the asymptotic result given in [2, eq. (20)],
when uniform distribution of the two cells over the entire
uncertainty region is assumed.
IV. THE TRANSMITTED SIGNALS
The communication model under consideration consists of
simultaneous transmitters, which includes data trans-
mission users (who have finished acquisition) and one initial
synchronization user [whose PN sequence is being acquired by
the base station (BS)]. We assume that the first user is the ini-
tial synchronization user, whose performance is to be evalu-
ated. Each user is assigned a unique CDMA sequence, which
spreads the data sequence. Again, in this contribution, random
sequences having a common chip rate of 1 are considered.
The processing gain is given by , and 1 is the
information bit rate. Let denote a binary se-
quence, where assumes values of 1 and 1 with equal
probability, and let denote
the spreading sequence of the th user, where for
and zero otherwise. The data waveform
consists of a sequence of mutually in-
dependent rectangular pulses of duration and of amplitudes
1o r 1 with equal probability.
The transmitted signal for the th user is expressed as
(6)
where
transmitted power of the th signal;
common carrier frequency;
phase introduced by the th modulator, which is mod-
eled as a random variable uniformly distributed over
[0,2 ).
InmanyDS-CDMAsystems[2]–[10],thetransmitteraidsthe
initial synchronization by transmitting the phase-coded carrier
signal without data modulation at the beginning of each trans-
mission. Hence, in our analysis, we assume for simplicity that
no data modulation is imposed on the initial synchronization
signals.
V. THE CHANNEL MODEL
A widely accepted model for a frequency-selective multipath
fading channel is a finite-length tapped delay line with a tap
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Fig. 3. Tapped delay line model of the frequency-selective channel.
spacing of one chip [18], as shown in Fig. 3, where the tap
weights are assumed to be independent identically dis-
tributed (i.i.d.) Rayleigh random variables with a probability
density function (pdf) given by [18]
(7)
where , and the phases are assumed i.i.d.
random variables uniformly distributed in [0,2 ). Furthermore,
we assume that the fading amplitude is constant during an ob-
servation intervalbutchanges from one interval toanotherinde-
pendently. Then, when signals in the form of (6) are transmitted
over the multipath Rayleigh fading channels of Fig. 3, the re-
ceived signal can be expressed as
(8)
where is the relative time delay associated with an asyn-
chronoustransmissionscheme;
represents the i.i.d. random variables uniformly distributed in
[0,2 ); and represents the additive white Gaussian noise
(AWGN) with a double-sided power spectral density of 2.
Note that since the 1 interfering users are engaged in data
transmission, we assume that their signals are ideally power-
controlled and the average received power of each interfering
signal is expressed as . However, for the initial synchroniza-
tion user, it is unrealistic to invoke near-ideal power control be-
fore successful code acquisition. It can only rely on open-loop
power control according to the estimation of the channel state.
Hence,theaveragereceivedpoweroftheinitialsynchronization
user at the BS is usually different from that of the data transmis-
sion users. This power is expressed in (8) as .
VI. TEST STATISTICS OF THE DECISION VARIABLE
In this section, we derive the statistics of the decision vari-
ables for the serial search acquisition system using either con-
ventional cell-by-cell detection or joint two-cell detection in
the context of the noncoherent acquisition system over a fre-
quency-selectivemultipathRayleighfadingchannel.Inderiving
theexpressionsofthestatistics,weadoptthefollowing assump-
tions.
1) The search step size is 2.
2) All samples are independent.
3) such that the mean value of the correlation
between the received and the locally generated PN se-
quences is zero when they are out of phase.
4) The self-interference of the desired signal due to multi-
pathtransmissionandthemultiple-accessinterferencein-
flicted by the 1 data transmission users can be mod-
eled as additive Gaussian noise.
Referring to Fig. 1, the correlator output of the in-phase
branch gives the desired signal component, the multiple-ac-
cess interference, and the Gaussian noise from of (8).
can be expressed as
(9)
where is the signal component due to the user-of-interest,
which represents the desired signal component or the self-in-
terference depending on whether the received and the locally
generated PN sequences are in-phase or out of phase. can
be expressed as
(10)
if , where was defined in (8)
and is a random variable uniformly distributed in [ ]. In
(10), represents the partial autocorrelation function
defined as
(11)
Note that since a noncoherent acquisition system can acquire
only one path of the multipath signal at any time, the other 1
path signals of the reference user inflict self-interference to the
in-phase path. Moreover, if the locally generated sequence is
out of phase with any of the path signals of the reference
user, all path signals of the user-of-interest constitute self-
interference.
Since random sequences are assigned for all users of the
system, random data modulation does not change the statis-
tics of the random sequences. Consequently, assuming that
, where is a uniformly624 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 2, MARCH 2001
where represents an sample, while the other vari-
ables in the above equation represent samples.
represents the sum of two samples from the
( 1)th and th paths, represents two
samples from the th path, and represents the average over
the fading parameters.
However, for the search mode using joint two-cell detection,
due to the correlation between two adjacent decision vari-
ables, i.e., between and , it is arduous to derive the
closed-form expression of the overall miss probability. Hence,
here we aim to derive its lower and upper bound. The lower
bound of the overall miss probability is derived by ignoring
the dependence between the two adjacent decision variables,
yielding
(44)
where the terms taking the form of represent
the related average miss probabilities of the correct states. The
relevanttermsin(44)canbeobtainedbydeterminingtherelated
detectionprobabilitiesfirstasfollows.If isan sampleand
is an sample, which corresponds to the first term of (44),
or conversely, is an sample and is an sample,
which corresponds to the last term of (44), then the detection
probability conditioned on the fading amplitude of path
can be expressed as
(45)
where is given by (28), repre-
sents Marcum’s function defined by [18, Eq. (2-1-122)
], is the normalized threshold as we defined
previously, and is defined in (31).
Theunconditionaldetectionprobabilityofstate or
canbeobtainedbyaveraging(45)overtherangeof ,whichcan
be inferred from (65) of the Appendix by setting
and , yielding
(46)
Similarly,if and aretwo samplesfromthesame
path,asituationthatcorrespondstothesecondtermof(44),then
the conditional detection probability for can be
expressed as
(47)
where is given by (25), while is given by
(31). The unconditional detection probability can be similarly
computed from (65) of the Appendix by setting
and , which results in
(48)
If and are two samples from two different
paths, a scenario that corresponds to the third term of (44), then
the detection probability conditioned on and can be
expressed as
(49)
where is given by (25), while is given by
(50)
Since and are two i.i.d. Rayleigh random variables,
the pdf of can be derived using (63) of the Appendix with
, which can be expressed as
(51)
The unconditional detection probability can be obtained by
averaging(49)using(51)inthevalidrangeof ,whichcanalso
be obtained from (65) of the Appendix by setting
and , yielding
(52)
Consequently, with the aid of (46), (48), and (52), the overall
miss probability of the serial search mode using joint two-cell
detection obeys
(53)
The upper bound of the overall miss probability for the joint
two-cell detection can be achieved if we set and in
of (43) equal to zero for , i.e.,
(54)
Note that (54) corresponds to the overall miss probability of the
search mode, where we assume that the delayed sample is set
to zero, when the “present” sample is due to different path of
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terms for
are mutually independent, (54) can be written as
(55)
where is the probability that the decision variable
doesnotexceedthethresholdof .Since ,
where and represent two samples from the same
path, can be expressed as
(56)
where is given by (25), while is given by
(31). The corresponding unconditional detection miss proba-
bility can be computed with the aid of (65) in the Appendix by
setting and , which results in
(57)
for .
Substituting (57) into (55), finally, the overall miss proba-
bility of the serial search scheme using joint two-cell detection
is given by
(58)
Finally, the lower bound and upper bound MAT of the serial
search mode using joint two-cell detection can be evaluated by
substituting (42) and (53) as well as (58) and the other related
parameters in (4). Let us now evaluate the performance of the
schemes studied.
VIII. NUMERICAL RESULTS AND COMPARISONS
In this section, the MAT performance of the serial search
scheme using conventional cell-by-cell detection and joint
two-cell detection was evaluated and compared. As an ap-
plication for the serial search using the above two detection
schemes, we consider a periodic PN sequence of length 1023.
Consequently, , which determines the length of the uncertainty
region for the serial search mode, is 2046, since the search
step size is 2. For convenience, we consider the normalized
MAT, which is derived from the MAT given by (4) divided by
the bit duration of , when different overall miss prob-
abilities and different false alarm probabilities are considered.
The associated parameters are shown at the top of the figures.
Note that three different SNRs are used in our analysis, namely,
Fig. 4. MAT versus SNR/chip and normalized threshold h performance for
the serial search scheme using conventional cell-by-cell detection computed
from (4), (35), and (36).
Fig. 5. MAT versus SNR/chip and normalized threshold h performance for
the serial search scheme using joint two-cell detection computed from (4), (42),
and (53).
SNR/chip, SNR per chips, i.e., the energy over the integral
dwell time ( s) to noise ratio, and the SNR/bit.
Figs. 4 and 5 show the normalized MAT performance
versus the normalized threshold and the SNR/chip for the
serial search modes using conventional cell-by-cell detection
(Fig. 4) and joint two-cell detection (Fig. 5) (lower bound),
respectively. It is clear from Figs. 4 and 5 that an inappropriate
choice of the detection threshold can lead to severe increase
of the MAT, but the sensitivity of the MAT to the threshold
decreases as the SNR/chip increases. For any given SNR/chip
value, there exists an optimal choice of the threshold , which
minimizes the MAT. In addition, for any given normalized
threshold , the MAT decreases as the SNR/chip increases,
and finally reaches a residual value, which is essentially due to
the false-alarm probability and the associated “penalty” time
incurred before reverting back to the search mode. This value
can be computed from (4) by setting , resulting in
.
InFig.6,weevaluateandcomparetheMATversusSNR/chip
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Fig. 6. MAT expressed in bit durations, i.e., T = GT versus SNR/chip
performance for the serial search scheme using conventional cell-by-cell
detection and joint two-cell detection computed from (4), (35), (36), (42), (53),
and (58).
joint two-cell detection parameterized with the number of
resolvable paths. From the results we notice that for low
SNR/chip values, an increased number of resolvable paths
can decrease the MAT. However, for high SNR/chip values,
a high number of resolvable paths increases the MAT above
the crossover zone near 17 dB. If we assume that a practical
acquisition system operates at an average SNR/bit in the range
of 5–20 dB, which implies that the average SNR/chip is in the
range of 16 to 1 dB, then it can be concluded that for this
type of acquisition system a high number of resolvable paths
associated with severe dispersion will degrade the MAT per-
formance. From the results, we find that the MAT performance
of the joint two-cell detection is about an order of magnitude
better than that of the conventional cell-by-cell detection.
Moreover, the MAT performance of joint two-cell detection is
more robust to the variation in the number of resolvable paths
for a given threshold and for a given SNR/chip than that of the
conventional cell-by-cell detection.
Fig. 7 presents the MAT performance of the above two detec-
tion methods against the normalized threshold . For any given
number of resolvable paths at the BS, and for a given SNR/chip,
there is an optimal choice of the threshold , which leads to the
minimumMAT.Attheoptimalvalueof ,wenoticethatforthe
conventional cell-by-cell detection or joint two-cell detection
the MAT performance is improved, although not dramatically,
when the number of resolvable paths increases. However, if the
value of the threshold is set inappropriately, especially when it
is set above its optimum value, the MAT will significantly in-
crease, as the number of resolvable paths increases. However,
as we noticed in Fig. 6, the MAT performance of joint two-cell
detection improves more significantly and becomes also more
robust to the number of resolvable paths in a wide range of the
normalized threshold from about 7 to 25 than that of conven-
tional cell-by-cell detection assuming a givennumber of resolv-
able paths at the BS.
Fig. 7. MAT expressed in bit durations, i.e., T = GT versus the normalized
threshold h performance for the serial search scheme using conventional
cell-by-cell detection and joint two-cell detection computed from (4), (35),
(36), (42), (53), and (58).
Fig. 8. MAT expressed in bit durations, i.e., T = GT versus the number
of users U performance for the serial search scheme using conventional
cell-by-cell detection and joint two-cell detection computed from (4), (35),
(36), (42), (53), and (58).
The effect of the number of active users on the MAT per-
formance of both conventional cell-by-cell detection and joint
two-cell detection is shown in Fig. 8. As expected, the MAT
using both detection schemes increases when the number of ac-
tive users increases.
Finally, in Figs. 9 and 10, we evaluate the effect of varying
the received power of the user-of-interest on the MAT perfor-
mance for both the conventional cell-by-cell detection and the
jointtwo-celldetectionschemes.ThecurvesofFig.9werecom-
puted against the SNR/chip value, while the curves of Fig. 10
were computed against the number of active users . From
the results, we observe that in the SNR/chip range from 16
to 1 dB, the MAT performance of both detection schemes
was explicitly improved when we increased the power of the
user-of-interest. Moreover, it can be seen that the MAT per-
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Fig. 9. MAT expressed in bit durations, i.e., T = GT versus SNR/chip
performance for the serial search scheme using conventional cell-by-cell
detection and joint two-cell detection computed from (4), (35), (36), (42), (53),
and (58).
Fig. 10. MAT expressed in bit durations, i.e., T = GT versus the number
of users U performance for the serial search scheme using conventional
cell-by-cell detection and joint two-cell detection computed from (4), (35),
(36), (42), and (53) parameterized by ￿, the ratio of the interfering user’s power
to that of the user-of-interest.
change of the power of the user-of-interest than that of the con-
ventional cell-by-cell detection. However, from a system ca-
pacity point of view, increasing the power of the initial synchro-
nization users implies increasing the interference inflicted upon
the data transmission users, which consequently decreases the
capacity of the system. Hence, in DS-CDMA systems, an in-
crease in the initial synchronization user’s transmitted power in
order to aid acquisition should consider the tradeoffs between
the MAT and the system capacity.
IX. CONCLUDING REMARKS
A DS-CDMA serial search acquisition system using con-
ventional cell-by-cell detection or joint two-cell detection has
been proposed and characterized. A generalized asymptotic
expression for computing the MAT in terms of the overall
miss probability and the false-alarm probability has been
derived. The MAT performance of the serial search system
using conventional cell-by-cell detection and that of using joint
two-cell detection has been estimated and compared when a
frequency-selective multipath fading channel is considered.
The analysis presented has utilized practical assumptions and
is applicable to the mobile-to-base-station link of a mobile
DS-CDMA communication system using BPSK modulation.
The effects of multiple-access interference, the number of
resolvable paths, and the received power of the initial syn-
chronization user have been investigated. From the results,
we conclude that the MAT performance of the serial search
acquisition system using joint two-cell detection is more robust
to multiple-access interference, to the detection threshold, to
the number of resolvable paths, and to the received power of the
user-of-interest than that of conventional cell-by-cell detection.
Moreover, the MAT performance of joint two-cell detection
is found to be better than that of conventional cell-by-cell
detection. This is because joint two-cell detection is capable of
efficiently combine the energy of two adjacent correct phase
samples for making decisions. Our approach can be extended
to using the sum of the adjacent 2 samples for detection if we
assume that resolvable paths can be obtained at the receiver,
which is the subject of our future research.
APPENDIX
In this Appendix, we evaluate the integral
(59)
which is often invoked in the main body of this paper.
is the generalized Marcum -function, which is defined as [18]
(60)
where is the th order modified Bassel function of the
first kind defined as [18]
(61)
In (59) is a random variable, which is defined as
(62)
where the are statistically independent,
identically distributed zero-mean Gaussian random variables.
The pdf of is given by [18]
(63)